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I. lifaoDUCfioi 
.fiit, mmnt availability of Mgli m&^y nuelaon tourcts 
hm aad® it pomlhle to obtain data m nml&m-nmlmm soat-
ttring in tli@ 100-400 M«t r&af«» A great a»»totr of •:Q)©ri-
atntal pmptrs* tiavt appeared giving tiit tiffertntial and 
total seattering eross ««otioiis for partiowlar oasts in 
wMeli. th® t0att@r«d partial# lias an mmgf in this rang®. 
Til® aoit strilLing ftatur® of th«s® ®3^#riatnts i® the appar-
«nt iy»a«try afeotit 90® in tJi@ etattr -of aais system of the 
angular tistrifentioa of tfee tifferfntial oro®a stotion for 
ntutron-proton icatt«rlng. fMi Mi 1«4 Strfesr^ to suggest 
a typ@ of ©xehang# f©ro« whioh, aote onli" in mm ©tates. 
fMs typ« of exoliang# fore« Itadu to oonsisierabl® 8i»pli« 
fieatioR of tM pmmnt work -and will b® tiitd in this paper. 
Along with th® experinental work ha-r# 0o«t theorttioal 
paptri att0»ptiiig to #a^lain and Interpret tht ©xperiaental 
rtKiilts®. Most of thtse papers ubb the Sehrodinger tquiation 
^Soa® rmmnt papers art 0. Ohamberlain and G,. fiegand, 
Phys. R«v., 81 (1950); K«llf> Leith* Stgrt, and Witgand, 
Phys. Bev., W, m Ci980)j ladl#^, Kelly, Ltith# S«gre, and 
•fork, Phys. Rtv., fB, 351 (1&4§); Mrmkmr, lartflotigh, 
Hayward,' and PowelI7 Phys, Rev., §§i il949). 
%«« for #xaapl®i J. Aihkin and f. f. fu, Fhy«. B#¥., 
?3, 9f2 {1948). 
%0r ft swmary of recent papers see: h. ftotenfeld, 
Kaolear Fore#a (Jnteraoieno# Fmbliihers, Ine,,. 1948), 
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with a_ pottntlal tmkQtlm t© fit t!i« •®xp®i*lffleatal. 
dmts. Ill# rmgm mti well ttptls @f the potential fttnetions 
&m darlfM frm th® Im mergf €ata-.* If fore«s ay« 
agfuat'd, tli«y art ©togen t© give the omrmt ©l®etrl« qaad- . 
:rup©l.t • Boatal. of tlit One ef tlie mm% reoeat 
attftiipts ©f thifi Mint is Iteat ©f Oliriitisa and Hart^. fhmy 
ttf# tilt S«rber po't«ati&l witk "raridms #©atol.«®tl©Es of eeRtral 
«€ t tutor fmm»* If sing a mdial,^ d.tp®iii.@net ©f %h» fukawa, 
«scp©ii®iitlal ©r tqnar® wll th#!* fia4 a t©tal er©,s& 
BBGtim at least 10^ l..ai^«r tli« th# ®x|j#riii«fital eroin 
®«etiQa f$3? a® mergf of about t© 1st. fMi indleat,#® that 
If tht ^hsaoffitnolofiesl dtteiPiptioii ©f th« ii««ti?on^pi*©toii 
iatftwtetieui in t@jms ©f & pettRtlal is to ht applitd to 
isatteriag ia th# region ©f 100 Mm, tht pettatlal thould 
tot eh0.i#ii m that th® rtlmti^iiti^ mrrmtlom t© h© applied 
wottld dtortas# the ei»oas ®#etldn by about 10^. 
la ©Mtr to 4#al with th@ rtlatiiriitio' eoi'rtetieaf, 
there $r« tw© appro&eht that sight h# tti#d. fhe first 
approaehj th« »o®t satiafaetory th®or$tisally, is t© use 
aes.oa field th«©ry. .low.fr«r, at th# 'pmmnt tis® there is 
at, thao^ry whieh mmQWits t&r all tht p%&mm@n& to h# txplmiB,ed. 
Th# pr©bl«» is soatwhat th® saat us th&t of «®ltetiiig & i>o-
t®fitiml ia th# .©rdiasry Sehrodiiiger theery* in thmt th®r« art 
s. Christiaa and I. W. Sart, ?hy«* E#ir., 21* (1950). 
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f#v®ral tf-pes «sf ataon to cliooae fro®. Marty® 0I1O.S® 
a mmMnrnim of pitwfiosoalar md v«©t©r fltlds. With, this 
ooffiMnatlo-ii li« fouad to® large a tet&l cress ®«0tio«, ant 
th# relativlstio t®r»« inereastd it. .Aluofon® took pitudo-
icalar' eeupliag wi'tli exeMag# of tooth ehsrgtd -and' n@'«tral 
mesQiif t© a©e©«nt for th« »fmn@%wf rnhmt 90®. With thi# 
eh&lm he found th« r«latl¥istle terns d©ortas@d tha cross 
@«etioii by 5-105^. ' Snyder' aod XarshalE*^ aadt a ealeiiXatiou 
using th® M^ll«r mtthod® o» th« s<®alar itud wotor th«orl#i. 
fh® mrrmtlm to the gealar eresa stetiisri wai saall, ithilt 
th® ¥@.0tor 6mm teetion wa« inereaftd by about 10^. fhtt« 
it ii s@«.n that both the aaoaiit and dirtetioa ©f th# «sorr®©* 
tioh depend upon th® •partiettiar thiery. 
fh« f«eond approach, the '©a® iii'ed' in this paper, is 
to apply th® erdiaary Mrae th«®ry, ehoo-sing a p©t®atl&l 
fuiictioa to «xpr««@ th« Xntmmtlm between tht partiol®®. 
Thtis ths littol^oa 1« trtaftd as a Mra© partiel# with fpia i. 
fht ieaond ordtr eorreotioas t© th# Birao sqwstion dtsorlblng 
the tystea esta b« fo'imd aad th® reiult® tased t© find th® 
%. Marty, iatur-f JL|§, 3§1 mm}h. 
®P. I. Almtm, fhy®. a©T. 3, XffS (1949)14. 
*^ll. Snyder md. a. 1. larshaife, Phyt. l»v, 7M* 
il§47)L, •• 
•®G. Miller, Z«it. f. ^ FhytiM 70, ?§« C1931). 
•4 
ehaag# in the erosf s®et;l©». Mlnm tli# only truly ,r@latl"r« 
litl® pQtmtiaX that ©sa to® ehoatn has .th# i •fuaettoa' aa 
th#.radial a mwm&tlmrnmt 'fe® ap|»li#d to 
tilt laailtoalan. whsn a fisilt® rang# fhis ha® b«en 
10 Mm for-etrtala |3«teati®l« Hay ii?«it »• fh« analysis• ©f 
this•additional/ t«ra will follow ol©i#ly that.givtn toy 
Br®it. : 
®1. S«Mn®r, Htlv. Fhy«. ^ 4f (193?) 
Breit,'i>hy®. Mm* §|,, Zm Ims). 
II. EELAflYISfXC GOmmmOMB- fO f«is ¥AVg Ei^mflOM 
M, VnitB md lotatioii 
The unlti and fiotatlon In this paper are . tboss •• used 
n • 
In Rosenfeld*. Mats an4,.moa©nituu» are escpressed In energy 
2 
unitB so that M etaMe for Me , md p staa4s for pe» fMs 
meant that flmek*B ^©onetant beoooes %. » -fee, and %h& orbital 
angular aoti«iitun h » f x § will eontaln th# velocity ©f 
light 0. mlts ar« mrf mmmimt when ws'are Staling 
with th@ eirac ©qttatlon,' b@i>aus® th« v«loolty of light then 
do«8 not explloitly apptar. 
lostafeld IntrodTOts th® oonotpt of a *41©hotomlo" • 
varlabl® to ti»@at tht ©as® in whloh w« suit dlstlngulah 
betM«®a two posiible statts ©f a syet@ii. fwo wtll-toown 
exaaplts of iuoh a varlabl® ar# th® ordluarj spin and 
the Isotople spin r. If wt l«t s « ih<r, then th« elgen-
iralues of <r ar« fl and -1, corresponding to the two pos-
elbl# orientations of th# spin. In th« saa® way, the two 
®lg«nT&la®s of th® isotoplo spin correspond to the tuo 
ftat## of different oha^^e. 
W® ean think of the spin <r as bel^ th© projection of 
a ir@etor ? on a unit Teetor n In a ©artesian ooordlnat® 
BfBtem, fhB eoaponent# of 5r ©an b® %Mkm as 2x2 matrlots. 
^Bosanftld, op. elt. 
fh# s-eomponeflt I® UBmallf taken to be dlag.oaal. flis 
f«prtf®Bt&tloa of a Is then 
/o i\ /o -iN /i o\ 
(l oj • W oj ' (o -x) • 
In %h& matrix iiotatios,. the. mmpmmtB of 'all th® dlotootomle 
variables have formally the ea»© r«|^r®i0ntation> although, 
of eowrse,' th#j art ••In different motor spaces* fh®^s« eompo-
ntntfl art ®e«n 'to gatitfy tht eomittutatloii relations 
*^1 ^ ''j ^1 * ^^14 Cl»4 • 3£| y, or 2)1 
as %r#ll as • • • 
•« i<r^ . (eyelie)* 
In addition to th# two farlablts already mmtloma, 
w& will us®, a third -dlehotomie wriable ^ * fhls Tari-
ablf^ aervts to s«parat® the fottr cQupontiits of the htme 
fwiictlon into two pairs* If we let the three eomponent® 
of  ^ he - 2^.* fgi fs» oholo® of • 
whieh oompQn®nt to aalct di-agonal* If w® ehoo^s® f 3 
b@ 4iag@nal, at will b® done la this pap«r# the two pairs 
becott© the largt anA g»all coaponeint® of -tht wm9 eQuatlou* 
0n the othfsr hand, if ^2, ^•® ^lagoaal, then the separation 
is .into splnort. fhls .latt@r r#ijr«i«iitatioii is useful 
wh«n dtalirig with th@ relatl-?i®ti§ Invariaiiiot ©f the wav® 
tqaatl©!!, but Is not mm%nl%n% tor om purpos©, 
W@ will n®td fuaetion® wlileh ar© simultaneous 'tlgen-
funetions of tlie sqmre and of the z-coapoosnt of these 
varlatoles. fhess funetions are again formally th# gane 
for any of %h® irartables, and will to# llliistrat@4 by thoet 
for (T. l.tt X ^ and X. "b# slgenfiiRetlong of (t^  sueh 
-tliat cTg, X^ • * • X.-* w eaii form 
th« following eoablnatlons ©f tfe#e® funotloas for a systea 
of two partiolei (1) and CS); 
^(<r)o = (2)'*[X,(1) X.(2) - X.(1)X»(2)J 
®{o-)o - (S)"* [X»(l) X.(e) » X.(1)X,(2)J 
®(<r)l = X»(l)X»t2) 
®(<r).i= X.(1)X.(2), 
wli«r© the funetloiii X J: th© aatrlx rtprtientatlon 
=  0 '  '  ( i )  •  
fhe functions ^ ^  thm amh that tli«y ar® elgsn-
funetlons of *• r witb «lg©iiTalu# h^<r* 
and of s «. wltia tlgenvalu® Mg, fh« 
8lngl©t function with a-* « 1 oorrtspoiids to a total spin 
of jsero.^ whllt th« triplet fuootlons wltli cr* » 3 oorrtapond 
to^ a total spin 1, wltli tlH»«« possible values of the 
8 •• 
.For til® iiotoplo @pla.| the values ••1, 0, and^ «1 rtf©r 
to tb,© protoa-protoa, ntutroft-proton,. and niutron-neutrott 
states, rtsptotiveli-. flis .tlnglst aad trlplat elgtnfunetlons 
are mntlsjmmetrlQ and syamttrio, r@®p@0tlY»ly, to the .Inter-
c.haaga of CD and iZ) * fh@ partleular ©Igtafunotioii U8@d 
is fl:s«d toy th® r®qulr«@.at thJit th® total wave function 
tot aistls3r»ii«tric to Inttrehang# of tht two particles. In 
th@ ea.8e of th« funotlons for f , th« valu«i ••I# 0# and 
-1 ilgnify that th# lowest order t#w of th# aecompanylng 
function Is of'tht order^ first ordar, and second ord«r, 
respectively, lit v/o. 
for a ifstfta of two particles, the total angular 
moiientum in the etnt®r of Baa# aystea la given by 
- r X p 4. |h( ? 4. 
where r and p ar® th® 'radlui v#@tor and lintajp somen turn 
in 'rftlativ# eoordlnat#®. W« will ««&« u®« of #igtaf«netions 
in th« LSJ» sohe»t» i. ©•, funotlons whloh art tigtnfunotiont 
g 2 ' 9 ' • ' 
of , S , and fh#ee eiganfunotions ar® denoted 
by fh# ©xplioit r@prti©ntation of th# 2*8 is given 
in th# appendix. th« funotione ar@ tha tassaral har-
ffionles'^, and are eigeafunotioa® of and L^.' 
%os«nfeld, op. ©it., p. xil. 
B. fh« jPottati&l Fanetion 
flit difficulty of applying the Birac thtory to the-
probl.@» of aaoleott-nwelecia intepaetiow li@a in the rtquir®-
mmt of th# PslatiTistie inmriaa®® of tht iiit«raetioii 
potential, fh# only e©»pl«t#ly pelatifistieally invapiant 
•potmtiBlB ai»t of til® fo»^ ^(fx - rg) « Qco^Sii^ - rg)i 
wlaere <*> i hag ©a# of tbs fiir« f o»s • 
'^i ® fs fs 
^ . , ^ci^ m ( 2 )  
Wg - 1 - r .(T f 1 f 1 
1 (8)7 ^Cl)^(g) 
(8.1) c«3 - fa f S t ^ " f 3. ^ ^  J ^ 
co^ - (T . <r - f 1 f 1 
CD ^(8) (IK (g) 
CO 5 • C3 fl 6l 
Slno® we are to compar# tht yes-ult# of a r«lativlitlc 
calculation with thoit of tli# Setootiagei* tJi#ory» it it 
4«®irable to nm m pottntisl fuaetioa wltli a finit® range. 
Wt ar« lntep«gfs€ ia the semttering of partlslti 
with & total #n#rgy of about 100 'lev, so that the valut 
•o 
of ir/o) is about 0.05. therefor®# if w« 3£,®ep terae only 
up to (v/e) I w® will have a notioeabl# eorrectlon without 
making an appreciable ©rror in neglecting higher ttrras. 
With this 1ft alai., w© frill ehoose ow-potential in^suoh a 
10 -
•w&f that tha fifxpdctatioa w&lm of , the potaatlal, 1. 
J f dx, renaias imMmt to thw sseond ordta? in v/g 
mndw e' hormtZ: tTasefomatlon. . fbt, rrnXm' of this intsgr'al 
Is invariant-^tO'all .ofi-fFS for the potentlali .aboT®^, as 
it ^ siiouM'Ijs. HowtTei*, m •Intermtion potentitl with-a • 
fialt© range •introducfs m mmb^r-of e«oont:.order terns* 
• • 'It ¥.© ft l»©r®fit« traiiifo.m®tion from a trme S 
to- ft frame'IS than, '&& poiattd o^wt by .lr»it , w® auet 
gmr®, that we ar# tfee e@or4lnat«s of partleles 
(1) and (.2)' at tht mm& tlae^ In I** fills Is bteaus# the 
tvo points Ct, %# fit %)• aaA (t, Xgi jg^. Zg) wMeh'hav« 
tht ia®@' timt i.n I# will not ha?@ the ssa® tla® 
coordinates in' I* * fhtrtfor#, nfter th« •traasforaation 
fflw.st obtain tha .valme of the wavt fwietlon .for (E) at 
tht tiffl& t* of (1)* In the integral for the expectation 
valu« of J, we laitst eontider the wBf in whlah tht potsntial, 
the wa?«, funotion, and the mime 9lmm% transform under 
a Lorentz transformation, fh# dttalls.of tht oaloulation 
ar© given hy Br®lt. After n transfomation in tht x-dirtetion 
to a fraat »0Tlng with relstlir# wlooitj m#'*e find 
^Btthf, Mm. Mod. thys. S, 190 (lt36). 
%rfit, op, oit.# p. 2B^,. 
•• 11 
[ j y* J dX ] ' = 
I - Ctt/2o)(o(x^^«-}j - (u/2o)*r(<Xx^^«') 
• (uV4e^)(e( ei^'^)J(in^K - Ctt^/gC^)3E ^  
- JcuV®) )]4 
la (2*2)  we hmr» mt ^ • fi^ total wave function 
"P « 4>(l)Xi2|. fM@ mp&mtion eorrttponds to saall 
aeotleratlons and it mild In oui* ease. low l@t JCf) 
= «<J|^?C*")i vh&re <AJcan be any coablnatlon of the «j*s* 
With this oholot, (t.g) gimpllfifi to 
- iu^/2e^) •. ^co|^)jtdx 
(2*3) - (a/o) J X 
<- X*co3^?(v^^2?^^^X)] «ix. 
If we now' take a Tom of wjj^ wMoh ooasautes with 
1. ©., CO or 'OJg, wt obtain afte'p m integration by paafts 
- (u®/20®) j «• (*^/r) g"'i)Jtai 
* (u/o)J I"* jf e< •• (V)(s'?'?) ^tOjj'fdx. 
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Wt atist now add additional t®mi to tlit potential wMoli 
satisfy %h9 eoadltioiis that th®y contpltomtt nothing to 
the potential in the ^ lion-rel&tlTlstle limit ant they intro-
dm# ttras in'the .inttgral of the potential, whioto eaneel 
the ter»» Ir. (2.3). It 1» such that (8.4) holds, then, 
as B2»@lt® hm shown, a' ©oweetion term of %h% form 
(2.6) q » t ^ 
will eatlefy theat eondltiout. ioweirer, if 1® of tht 
fom uj^ or co^, this t#rm will not owioel tli® tti^s in th« 
leoofld Ifttegral of <2.3). . FO'^'theie two foms w@ oan again 
integrate by parti,, hut there will fe® an adftltlonal ttrm 
iiivolTing' thf grsditnt of tli® waw fuaotlon whloh osnnot 
fet tak@R oar® of by any ©©^©etloii term satisfying th« 
first eondltlon above, Sinot w# will b# using a potential' 
wliioh' 4o«s oofttala u>g or m will tak# the fimotloa 
Q given abov© a@ the ont aost nearly ifttiefying the oonAl.-
tlon® that v« .hav® s#t forth. 
If we atttmpt to Inolude m t«asor form, 1. a 
tero in tht potential of th@ form 
(2.6) " (1/3) 
%'r«it,: ©p. elt., p. g5?. fh@ t.@ra ^ glwo by Irtit 
differs slightly fro» that h«r® btoa^is® he 414 not iaelud® 
tht ieoond ttm of cu,g. 
13 -
th« sltaation I0 «irtn l@s® s&tlsfaotofy. fh® term® in 
C2.2) arising from ttieli. & potential will citptnd on th@ 
dlrsetion of tli® relati?# velocity of th® fpa«@s i: and K*, 
Jiiit as thty do in (2.3), where th# pottntial ttptnds only 
on the diitano® r b»tw««R th® partieles. If we assua# that 
th© ©orrtetion tera that vt &M is te b# lyMittrio la the 
iiidiees (1) md (2) ma wtll m to eofitriteutt nothing non-
r#.®ativistically, th«a it i® not •difficalt to show that 
thi® function muBt d«p®M on th® direction in whieh we M&k& 
th« L&rmtz trangforaatioa. Sxno® any term that we a4d 
should bt gphtrieally sya»«trio in ort#r to have any phy®-
ieal slgniflcano®, th®r® is no fanetion which ©an ««@t the 
demands that w# havt mmM* For this reason* as well as 
for the reason that the inolmeion of ttnsor forces greatly 
iaer«ais©i th® oompttt&tional work, w© will in this paper 
trtat only th© case of eentral foro«s* 
0* fh® W«v« I^iimtion 
As .th« w&m Bqumtim for th® two nttolton systta in 
the laboratory §fBtm with total ©nergy S, w» will take 
<2.7) IS' s If 
wh®r« 
« • f 1 0- . p * cr - p 
(2.8) 
t- i o ^ ¥ ( r )  4. a . 
• - 14 -
Sinoe tlier© l® no meaning to tlit® mat&r of ©ass Bygtm 
in relativity, we trmnafom to & gfMtm in whleh th§ total 
momentua is z©ro» Tiit tmniforaation is th@ ©ate® as that 
to a c«nt«r of mais systea would b@, naatly, 
8. I ^ ^ . |U) ^(2) ^  
- -fll ^(2) -
¥e now makt a Lortnts ti*an»foi'aatlon fro® a systtm in 
wMah one of the p»tiol@@ is at r@st and the other is 
aoving with velocity v to on© in whioh the total »oa®ntwii 
is zero, A short calottlmtion shows that th@ r«latlv« 
velocity' of th® two fraats mmt h® 
(2-10) u = 1 »"U '- r^/o^f 
With this velocity it osa h# easily shown that the emrgy 
i@ equally divided htt*®«n th© two partiolei, and th® 
rtlation h®tw«©n the relative aoaentoa in th® two frames 
is glv«n hy 
(2.11) Pi • <1 - p^, pj « Py, p| « pg. 
At this point we sake our first approximation, naatly. 
- IS -
we will keep only those terms of ordtr iw/o)^ which in-
vol-?# the potential, eorrectien ttras of th# kind Intro-
duced toy the tsm fl - in C2.ll) &r© ©fsentially 
mme corrtetion ttras and. will play no part in th# eal-
eulstion of the acattering ar©is seotioh. 
After tht'ie tr&asforaatiens, th« Haailtonian for the 
Bfgtm heGomm 
(2.12) H • 
* 'ea''' * els®')" * "'1* * 3. 
With this Hamiltonian we ©aa now caleulatt the ©©rrtctlon® 
to b® applied to ths non-relativifti© w&w& ®q«ation. 
D* the Equation for th® Largt Goaponsnt 
Wt ean writ# th@ total wave ftinetion in the fora 
(2*13) Y ~ ^ * 
with 
'r' = 
(8.14) s ®f 3(p)„ » If ^(p) 
• O N O O \ I 
•fh© (•©), •'CD, and (g) signify that th# functions ar« -of 
zero, first, and second order in Cv/cs), We ln®@rt (2.13) 
into (2.7) with the ffaaiXtoniajri..giTtn by (2.IB)'. Using 
th« tm% that eigenfunctiorifl' of  ^ In C2.14) are optho-
norMali ve set th« eotffieitiit® of thest- ©igejifanetion® 
©qual on th© two side® of th® ©qiiation. fhia leadg to 
the iet of foar eqiiations 
i'p^f, - A^p^-f 4. mh. 4- . 
. ^ 0 . ^ Q • 1 i : 1 
B*p%^ 4. - af% _ ^ uii^ihh . 0 0 -1 i -1 
• E ^ f  
wh«re Ttee have set 
A • (2)"*(3' » 5='®') 
B - - S'*®'), 
and whtre the function Q %m now 
(4 s - 4-
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If we laalce the correspondence 
tlitn the tO|_'s in (2* IS) beooae 
Csas )  
^Ux )  .  
<r • (T 
^ i D j m  
\': / 
/ 0 
ss 
\ 
-(1)_18)I (o) 
c • <r /» **j£ 
-1 
m 
cu £ 
•1 
1 
-1 
If we wiah to approximate th® equation for th® largt 
©oaponent -to order v/e, thtn th« la®t ©qmation of (2.15) 
does not appear, and the tqwation h«coa@0 th® »aa@ ai the 
ordinary Sohrodinger equation. We not© that if the poten-
tial i« of the first- ord®r in v/e, then th@re are no oor-
rtetion terns of the seoond order. 
¥t ean derive th® equation for to the teoond 
order hf smoBBBlmlf iwtostittitiiif tht laat three equatione 
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of (2.16) Into tlie first and fceoplng only terras of this 
OTd^ r, V& will iiakt the approxiaatiom that th.©'potential 
is small eofflpayed, with th« total Cnon-rslatitietio) energy. 
ThiiS' we drop teraa whieh oontain powars of f(r) higher 
thaa the firat. With this approxiaatioa we obtain 
•.•¥CA'pu.|^lhCA-p) 
4. 4. |l.pu»Sfe)f)CA-p} 
i i 
(2.1?) 
*> Ci*Pu>|®i^«a)Cl*p) - CA*pa#|®l^^)(I*p) 
4. qCB*pu»|^i^)ii*p) - CQA*pw»£®^hcA*p) 
s (I . 
It was stattd in tht Introiuotion that the ®3cperi-
ioent&l data inaieatftd thmt an appropriatt potential would 
•fe® oa# whieh.aeti only in ©irtn itates. fhii atana that 
if we let 
- 19 -
(2.18) \ s B(r) ''(7)^ , 
tla.©ii til® operation of tht potential tmmtion on will 
gi¥© zero if I,, the eigenfalti# of the orbital angular 
ffiOBtntWft, is oM. In order, to form Bttch a jpottntial, ^we 
must first de,fln.® tht isotopic funetion that we use in 
a neutron-proton systsm. fhms w® l#t 
CS.19) ^U)o « Cg)-i {MD-U (2) » C-1)^U4.(1) u_{2)J , 
"wher® th@ - or •- tign is wied for th© .trlpl«t or singlet 
spin state, r«speetlvel|'. With this choio# qmt wave func­
tion will bt totalli- antlg|-aa©trle fer an exohang® of th® 
two partlelts. W# can noir writ® th® dsfirtd potential as 
(E.20) ' ¥(r)'g - fCl » I y(r). 
It ii mBf to shw that thla ttim gives -fCl C-1)^) 
% 
when optrating on as gi¥®n by (2.18). 
fht toj_'s.la (2.IS) mm t!i©r@fort replaetd bj a linear 
coabinatioB whioh gima (2*80).^ for w|®l^. It is s«@n 
froa (2*-li) that wt havt a ehoie® of four ooiablnations of 
th® eu|®l^*©, «aeh of whioh glma (g*20). Ihen we insert 
this potential into (8*1?), we find that the result depends 
on whether (2.18) is a iingltt or tripl@t stats, and 
whether L is m@a or odd. fh» t®i»s in^olfing Q, will be 
- £0 -
tht same for any comblinEatloft of the while the rest • 
of the terms will differ, fhus for exaiapl©, the 0or-
reetlon t@rms for the po-tentlsl 
-ii"! )V(r) 
Will toe a® follow-ts 
• singlet, I. «T®h., 
(1/4M^) [ - CB-pf)Cl*p) - i¥p^ «. f/4 
C2.21a) • • B/B ^ 
Binglet, L odd, 
(1/4M^) [ 3CB*p¥Ki*p| 4. 9/4 • 15/4 ?(3-^ 
(g.Blb). • - 9/4 h^ 4. -Qp2 
- CB*pa)(B*p)J 
triplet, 14 awn, 
(l/«2) I 2 i t ' p m t ' p }  -  C8'p?)(B*p,J 4. ¥p^ - ih^  
(g.aio) *  ' p )  * -  ' p } i a - ^ ^ ^  ' p ) q  
T  ' p )  1. (X.pq)a-p) *. Qp^] 
triplet, L odd, 
Cl/«^) [• 5?p^ - ' p )  
CE.gM) • *3) 4. , 3fc^3tJfc 
-(S-pa)CB^p)]' 
til# • other poisltol# eosMnatlong give • .©orrtotIons with 
tfct«8e s-ajne .ttmsi • tout witb, diffsrtiit GO©'f.fl«i®iits* Tlies® 
ar® glvea in the appeadli:^' k valuable ohtok or th® oow-
putmtions Is provided toy tlie fast that if we take the 
ooaMnation® (<*>1* z* '^4^» 
( tugj «*' g)# then th® &\m ©f th# ttrais from th© first two 
is equal to tht i«m of t®r«s from the la®t two* 
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III. fas S'e-aTfIEIM0 CROSS SIOflOM 
A, mrlmtlQu 0f tilt Pomulas 
In order to find the eroas stetlon for ntutron-proton 
seatttrlng, m n«@d to determine the aif»ptotlo for© 
of th® @catt®rad wm@^. Fro® {Z,M} and ^2.14) we ean s#e 
(3.1) 1tI®» 1%!® - I\I® • • l®f.xl® • 
mslng the orthogonality of th® ^ elgenftinctloas. The 
differential cross etation for soatttring Into the ©olid 
angle dA i® gl^tn by 
(3.2) m = I'Pgel^ • 
It is apparent that w© need to oon»ld@r only th@ larg® and 
first order oo»poa@nts when computing the eross aection 
to th® stoond ordtr in v/e. Further, only the lowest 
ordtr ttrmi havt to bt retaintd in and ^f^. 'in th« 
first approxisatlon S » M, and by (2.15) we oan write 
%_ a (1/M) i-p %i 
(3.3) ° , 
H «  A l /m)  A-p  %  
%or a general diaeussion of th© scattering problem 
i#e M. r. Mott and H. S. iMsty, theory of Atoaaic Qolllsiona 
(fhe Clarendon .Fr«si, Oxford, li3i). 
- gg -
In the approxiwstion ueed, the total wa-rt function 
m&f b© wlttm 
r .  =  .  % V o  v W o  
<3.4) = (1/2M) a-p ®(f)^ 
- (1/2K) A.p l(p)^ , 
With m analofons reprssentatlon of th« incident vme. 
Ths seatt«r®a. li then 
f-c - - %!> 
- (l/2»l)A-p(®fj^ -
irhsre la the lapg© mmpomnt of th© Ineldent wave. 
When we lepairat® the wav® dtiutatlon { 2 * l f )  Into partial 
vmm according to th© «ohs»«, th© corrsctlon ttrms 
mix stat®g of «q«al parity aocordlng to equations CA.7) 
to (A. 10) In the apptEtl:^:. fhms the situation l» siallsr 
p 
to the cast of ttnaer fore®@. Rohrlioh and llsensttln^ 
h&m glrm th® analysli-of the «catt®rli^ by a teneor 
foree using th# latthod of partial wave® and the following 
dtrlvation will b® siallar to th«lr». 
Rohrlloh and J. Siatnittln, Phys. Um. .75, 70S (1949). 
- 24 -
We oust first expmm the ineidssnt war© in thm L8Jm 
notation. Per th® singlet.itat® thtr® i® no pmhl&m, sino® 
It »-i. flu® ineidtnt wm9 mn then tot taktn In th# usual 
ltSl|^Mg selieaie®, th% asynptotic torn ®f tlie scsttertd 
waft is 
(3.6) ^Tgo ^  ^ C2^ ^  II ila 
In (S»S|, k * iUc}^/ % with £ •  S. " m, &n&. is %h9 
phase sMft for th@ »eatt@r@4 wavt. ¥® wit# to 
differentlatt b«twf®ii statti ©f <liffir®iit @pla sultiplioltj 
m& bftween state# with diff»r«nt m. Sine# m » M|^  • Kg is 
a constant of th# »otioa, and sine® for a plan® wavt « 0, 
then we havt m = Mq in both th® singlet ant th» triplet 
®tatei* 
• for th@ triplet »tat®8 we aust find th# matrix ©la­
ment® (liSJia/ LSMj^Mg) for the transformation froo th® 
LSMj^Mg to th# LSJii r»prei«atstlon. from th® abo¥# eon-
slderations, thest m&f b® written as (Llilm/ LlOs). i«-
eaus« of th« aixing of states with different h but th© 
8a»« parity, l* is m longtr a good quantun niMbtr, but 
(-1)^ le. However, the r©pr««®nt«ttlon of th© lnol4®nt 
waTt Ci. a plan® wv@) it the- ssa® for either (-!)• SJa 
%os«nf#ld, op. 0it. p .p* 99. 
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or LBSm, sime there is no pofieatial. 
In hSMjMg ©ait the iaoident wmw& is, 
C5.?) ^ 27 (4ir)* (SL 4. 1)^ , 
L • • . 'O 
tfhtre - • 
(•3.S) * Ctr/gkr)^ 
Is th® sphterloal Besstl fmnctldn^. In th® LWa notation, 
C3.i) '^r'® •« ZI 2ZC4Tr)^C2L I- h^^^^ihlin/hlOm), 
' J L . . 
wHsre-L takes on th© rBXm» J - 1# J, and <J -f X. th@ aatrix 
el«a®nts 'fojp tfe® traasforaation ar© glwn in fablt 1. 
fafelt 1 
C8L 3.)* tLiJa/LlOm) 
iX « 0 
J - 1 
J -C(2J - l)/2)^ 0 
J * 3.- (J/2)* iJ - 1)^  
Th® derivation of these ciwantiti#® may to® found in Condon 
%op ©mapla, see J# itrattoa# Eleetroaagnetio fheory 
(Mo#raw-llll Boolt Gowpany# Ino. i Itw'X'opki 1941.) . ' 
• E6 • 
sad ShortfM Ineident' wa¥@ has the •asymptotle fom 
(S.IO) YZ Y1 * l)^ slnCkr - ^ irL/2) 
- ^ . ' • • • J • h 
' SgCUm (i,ij^ |,iOffl) . 
Bime h ©an take on • tii@ , above vatet®,- the elgtn-
t • 
fuuetlons in the (-1) aia M&hma will ©ither be the iaa« 
m those la the hB^m S'-eheat, namely, for thf Taa.y«, L * J* 
or thty 'Will 13« linear eoatoluatloas of - th© ©Igeijfunetioiij 
fo,i* I* s J - 1 and L. • ^ 1* fherefort 
c.." i ^ v-(r) 
(a.ll) .  i 4(r) - i „;(r) 3j,(J-l)m 
f" ' 1 „ , , 3 (J)n 
' J,® • 1? 2 J , 
with the asymptotic forma 
Uj^ 1 
^J,m - r - CJ-l)Tf/2 • Sj) 
nt 32(^ *l)a) 
«J V J 
V.m ~ r " {•'•Di'/B * Sj) 
i siiiCkr - Jff/2 «•• S®) , 
U. Condon md §.. K. Bhortleyr theory of Atoatio gpeetra 
(fhe XaoMlllau Gompani-,^.. K®w Xork^ X93B'}, p. iET 
- g? -
fh9. aeyiBptollc form of th® total triplet .mst® will then 
eonslat of a linear combination of th© functions in (5.12) 
Qmr i* Aft&r smtotrastlng off the incident wave 
w# find 
J 
.(S^CJ-Dn. , , 
(5.13) ^ 'J a ' 
*  B i n  V f "  
«• Bin Sj (3zW-l)» » 3z<J-l'°' 
where 
op- .  - Hiil l-JSli i-  ,  <K° = J* * ij 
C2)-*(l •• (>l5)®) 1 ». (>(*)2 
(3.14) = m ?r) * 
=> - , J'" = J* * n,T (j*i)* 
(e)"'(i * (>ij)8) 1 * (n^ )® 
* r fhs quantititi tj and' ar®' called th© *amo\mts of 
admlxtur®"! and oan fe® thown^ to iatlsff' th# identity 
C3.15) n^nj = -1 * 
%©hrll0h and MlBmBteln, op* ,eit., p. ?1?* 
• 28 ^ 
fh© -quantltits and • ar@ fouad hj writing 
the asymptotic for® -of th.# tetal triplet wav« and eoaparing 
eoefflcients with (3*9) 'Whm th® phase shift a are set 
equal to zqtq, 
*th9 tetal incidtnt iingltt plui triplet, may' 
bt written 
(S.16) t ' ZZ H. 'Vi® , 
wlitre, the quantities Jug are in general arbitrary. Tlie 
iaoideiit ware i& aiuslly Bormaliztd to unity. W© do this 
in th© following way. ^ iscamse of the orthegonality of th© 
(T eigenfumtiotiB,' v@ oan write 
(S.l?) 
^ l«T 
-1 • 1 
. 3^-112 
In the approxlaatioft that we am uting# vs have • 
|ff'YMg|g . P^xil^ • (l/4tl^)'I B-p ^ 
<3.18} « . ^ . 
. (1/4K®) lA-p 
thus we set 
*. i^kJS 9% ^ \ 
<^11 - ® < »'M. . 
- .29 
and (3.18) becom#g 
(S.,19) « 1 (11%^ /^ )^ 
If til© IncMent particles are unpolsrlztd, m w© ahall 
si.siuae,, tfeen th©-sqmarsi of th#'«J*i In (3.16) ar@ all 
©qwal. 'Tha#, if le'to b« unltyj, thm frm (3,17) 
and (3.19) 
(3.gO) • 0 « |%gl^,« .id • . 
•In the mme way th© total scsttertd, ware aust be .written 
(3*23) - l\sol^ l®*P ^gc'^ 
4. (1/^ )^ |a*P * 
Therefore 
<r*«l#S *g 
wii®!*© 
• The oontrlbutlon of ttoi® • fir'st term on %h& right in 
(3.gS) to the total cross section, i. the differential 
croa© s©otioH' (S.8)- lattgrated ovsr all angle®, will be 
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glren hf 
C3.g4) s • ein^ Sj 
as 'in the -cag® of tensor forees. For the ease in whleh 
there are -onlf oentr&l forees,* tMs equation beoomes the 
usual equation 
sine®, ^ iihm we- inalude the relati^iatlo 
terasi tm pMs® ghiftg ars slightly alt«r@d and this 
equality is no. longer true* 
To find th® ©otttributioE of the last two teras of 
C3*E5), ve auit us® tli® following ralatioijii 
*-p ®r 80 - slB 5j 
C3.26a) 
. f ^ »ln S! [. (^f 
(5.26to) J.J s 0 
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B-g « (2)4 11 (4if)* ZI{«J sin Sj 
J" \ 
(s.s6o> ife)*' ijfsirf) 
. iJ [ (^  * . )]  ^
B-P ^tac - (2)* H a" Bin sj 
(s.ssa) . (j4 . U*i)* 
fhe eontributioa to tlie singltt cross geetIon is 
glK-en 'by (@xa@pt for thB multiplying f&otor PJqI^  ) 
is.2?) il/m^ ^  8'lftsep ® 
i'A^/m'^} ^  ^ (gj 1) . 
In.th® iaae way, wtiag C3*1S) and the ©rthonormalltf of 
th# 2*s, a t«ra 
( 5 * 2 8 )  ^  ^  C M  ^  D i i l a ^  S *  * •  s l n ^  S j  
* «iii® Sj) 
is added, to th@ tpipltt eroif a®eti©n. If w« now add this 
to (3*24) after using (3*20) and (S*22),^w® obtain an ©qumtion 
for the total croii s#otion wliieh lias th® saat fom ss in 
tht non-relativistio caie, namely. 
- S2 -
CS.89) a -2^ ^ i2J 4- iln^ S* 
k' J 
*• sln^ Sj r sia^ 5j). 
fliu0- the 'mlf Qh&ngB brmgM aboii't toy the ineluslon of the 
rel&tlvlsti© t®mf Is to ehangt the values of the phase 
sMfts. After th® pha»® shifts h&rw hem det@mlmdt th® 
prohltm'is tht @aa® at in th# non-relatlvlstlc oalaulatlon. 
The ffisthod of finding the phas® shiftb is glvtn in th® 
aext seotion. 
•tit OO "• 
B. fh9 farl&tloaal Prlnolpl# for the Phag# Shifti 
If In (2.1?) w© g®t 
(3.30) ®f^ - Cpj/r) *. in^/r) 
(Vj/r) 4. (w^/r) ^ 
and oo@fflol0-rit® of the m th« two sidt® of 
th® ©quatioa, w© ohtain th@ r&4ial tquatlons 
g 
C3.31a) ( 4. - ^Ai€.,,.g.rM ) Uj-Cjc) « Cf-(x)u..Cx) 
dX^ X® /IX 
f g^^Mx)Wj(x)) 
(3.31b) ( *. K® - MiMMtSl) ir^{x) « (gl^^Ur * hjWj) 
dx*^  3^ 4 *1 «» *1 «» 
(3.31c). ( ) li (x) s l(x)Vj(x) 
4x^  X^  
(3.3M) ( ) p (x) s ii(x)p (x) . 
dx^ ^8 J J 
If m let' Tq be tht pang# ©f the potentliil,' thtn ia the 
above tquatloRi k ® teo» and x » r/r^ . 
fh® 8«t of S-raen'e function®, for th© problsa w.lll be 
U 1 §^(x,x*) « - ;;^Kx<ij.2^ (Kx<).«cx^ nj..3^ CKX,) 
(3.32) &J(x,x») « -'|kx^ 4j^ 3^ (<x<).kX;, >^ j^ 3^ (kx;,) 
&J(x,x') » - ^kx<Jj(kx<)*kx, >1j(kx^) = aj(x,x') 
• 54; -
wMcfa .satisfy 
( li-— •> ) &j(x,x*) » - 5(3C - X*), «te., 
dx • 'X 
and Tanlsli at x< « 0. 'fli# notation x« and'x,'designate® 
til© saaller and th® rtspeotlftly# of x and x*. Th® 
function vv^(kx) Is tht tplierleal itwann function. 
Th® d'ttallad analyal® leading to the variational 
m 
principle is givsa by'^hrlloii and. liMngttlnS and will 
|9 
not b© rtproduotd'tier®, fb® plias® sMft for Sj satisfies 
the ©quatlon 
\[lCx)TjCx)]irTCxjdx 
(3.3S) J 
\ lCx)ir^Cx)43ti-JC.x,x»)dx*l(j£'-)Vj(3c*) 
•ootij « 
An analogous tq««tle.n Mslfia for 5 J. fMi ©quatlon oan 
easily tot .shown to tot stationary with r«sp«et to sraall 
variatloni in th® radial fmnotion Tj(x). fhus if th® 
error in th® wav® function is of th« first ordsr, thin 
the @rror in the'phas® ihift ii of th« iecond .order. In 
ord@r to coniiut# tht phase shift, a trial funetion is 
uied which if tsl;#n froa a closely related or siapler 
"^aohrlioh and Sisenitein, op. eit., p. 719. 
- 35 
•pr©l)l«ia. The .^liBpIeat trial function to ms®' is the solution. 
tQT aero potential..* Wmm C3-'51.). thii will to® 
Vj.Cx) » kx4j.3^ (K:X) 
1.3,. 34) Wj{x) « k.:k4j^ j_.Ckx..) 
"u^Cx) « K-xJj.Ckx) a 
This' mvmMpQn^e to th# B©rii -appTOxlaatioii., but gl¥«s 
iitteh b0tt#f ,i*«0ttlt« thaw th« ordinary B.O:rii approxi»atioii®. 
fh# valaes .for th# ph&m ahifti ar® fe«tt@r th© hightr th# 
mmgy and th« hlgh«r th# value of J. 
fh@ phMm ®hift® ariiiiitg fros ths co«pl#d tqiiatioiii in 
(S«.51) satisfy a aort .eoaplieated ®qmtioa* fhes® phast 
shifts ar® given by th« two .solutions- ©f th# ©q-uatioa 
(5.35) e,ot%j#- (ajJTj • tx^Oj ootij 
* CajCj - h/) a 0, 
¥ht.re 
C3«S6a) a .i-
• j"hj¥jdx dj to*hjWj 
%. Hameraesh, Miaoltmr Fhyaios (iew Xorlt linivsrslty, 
I«w )fo.rk,. 1947), p* W, ''ihe»9 aiaeographed aotes ©.©ntain 
a detalltd analyei® of tht variational prlnelpl® m9d in 
thii paper, most ot which it taken fro® th® work of J". 
Sohwingtr.' 
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(3.36b) bj = f f § ^(gj,^^Uj.)Wjdx 
• 0J dx*gj^^Uj 
(3.36©) Cj « -I- dx*g|^'^Uj 
*"• J"fjUjix 'diE* ifjWj 
(S.S6d) oTj « ^ 
• X)hjWjd3c) 
(3.36e) s H ^  ^ 
(3*36f) IT^ s K^|x4j^^(Kx)gj^^Ujax) 
•f K 
It'Will toe notleta. tliat if «• 0 and « 0, ag would 
to© the ca.®e .for central foreei, %hm saeli of the two ecjlu-
ti0ii.f of (3.35) takts tht fo» of (3.33), as it should. 
fhese &r& the «qmtioii@ that we will use In the 
next station to eonpttt# the ©ros® seetlen for a apeeifle 
problem. , Although th®|" appear ioaewhat eoaplieat@d, thei* 
ar® quit® convenltat to apply. By using (3.34), most of 
- s? -
tli@ int@gi?ale &m fe@ tmliiattt' anali-tiealljr. Inspeetlon 
ihws furtlier that a speciflo liit©gral maf appear ettsral 
fM® la ©sptelally trm, of (S.36), wliar® a certain 
lategml nay sppaar la tin© ©qwtioni for sei'eral different 
iralues of J. 
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I¥. APFL2CATI0M fO A PilOBLSM 
Wif ^"lll now appij tU& thsory tliet has betn developed 
to a speolflo soatttring problgn. w@ will aisumf a Serbsr 
potential,.- and Itt tht ratlal deptndefiee b& th&t of a square 
w®ll. Christlsn and Hart^, ab w&ll at other authors®, hav®. 
found that tlier® !»• streng ©vldtne© that^ there Is con-
slterablt difftrence in th,® ranges In t!i@ triplet and 
singlet statss* Xn particular, tli@ triplet rang# appears 
to "be aueh shorttr than hitherto htlieved. la aocGrdano© 
with thii.w® will me th® raag«s Tg « g.S x 1O*"^®0»., an4 
r| « 1.5 X lO'^^ea. fht corrtspoiiding w«ll depths ar# 
fg'« 11.9 1@T itnd » it.l Mst. We will assuat afi m@rgy 
of 100 M«¥ for the ifieidtnt p&rtlele. 
fh® cholet of a 8qu&r& well iimplifies th<® problem 
goaewhat. fh® integralsi in CS.SS) &nA (3'. 35) heeoat slaplt 
in fom. Becaute of th« flnitt dlseoiitinuity of th® poten­
tial at.x » 1, ¥© #an writ# 
C4.1) 1^ fiK) » 6ix - 1). 
li® alsO' drop dertfatiirdfl higher than th# first. 
W© must now eoapute th© oorreetlon ter»a for aueh 
^Ghrlfitlan and H&rt, op. olt., p. 4&g.. 
M. Blatt, Phye. B#v. ?4, 92 C1948). 
- m 
& potential tmm and those in tht appeatix* .As 
atatloned bsfor#,, th@ teM®- in sr® th.® lam® for any of 
the' possible combinatioa's •©f- the H®n©f- we mn writ© 
th©«« down 'M# aetd tO' deteralae- th® results 
of tht' operation of th«-'Q terme m. P^/^> 
Wj/x, and ,wh#rt the bar iadieat@i 
that th©s® are the radial faactioas of (3*34)» 1© must 
awltipli' tht teras of (2*21}, tte, by lli*-%/ h^ to put tht a© 
oorrtctions in th® diatneionltss ttnlti usfd in (3*31). Th® 
rssults of thfs# omloulatioafl ar® given in fabl® 8s« Ihe 
fttEOtiong l(x|, mix), «te* la (3*31) will in general •oonlain 
a mfo order't«Fs plm a eorrectioh t@« bro'aght in by tht 
relativistio tem in th® w&¥® aciwation.. fh@ latttr are th@ 
t«ras given in Table 2a* Tlhen «s@<i in (3*31), all terni in 
th® table mm% b@ multiplitd by (1/4M)# liikewlie, the Taluei 
foi" hj ant f^ iiust b@ ffiwltiplied by 1/(^«'1).» an4 thos# for 
and are to b« aultiplitd by (J(J*l) )^ /(2^ 4.1) * Mi 
obstrve that th® terns for I. ~ J are indeptndent of J, whil® 
the terms for L « J -1 m4. L »• ^'^l vary .tfith J ^ 
fhe remainder of • the relati'ristle oorrection terms 
will depend on the partieniar ohoie® of u>^*g as®d* It is 
therefore fro® thee© t©ms that w wotild expect to bt able 
to choose a suitabl© pot#ntlal which wuld dtoreas© the 
eross gfotion ©nough'to giire agrtemfnt with th© experimental 
results. Let m us© the following notationi 
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A ( &o 1' CO 3) 
B nJ K CO g' CO 4^ 
C fsJ K CO 1' CO 
0 K CA> 
%*' 
CO 
Tht results of tli«s« ealculatleui mm.given %n Table gb. 
Th& cboloe of fottatlal that w© have m&^e leads to 
a oonslderabl® elmpli float .ion in th® u®« of th« farlatlonial 
prlnelpl®. In the first plae#i when L is odd, th©r# are 
no ««ro ord«r contrlbutioiis aad the phme ihlfts art 
d0te«iaed solely-by tht rtlatliriitle t®ra®. laspfotioa 
•fhows that the phase fhlft so dftemlntd give® a oontri-
butloii to th© scatttring crots gectloii whieh is proportional' 
to the iqu&re of the ph&it shift, 1. t.', sla^ 6 , while 
th0 contribution of the t®riig for L tven it of th« first 
order in th© eorrsotion to th® phase ihift. fhat is, for 
th# lat t©r w@ ha^re sin^i S *- S*) " Bla^S * S * §inBS * 
fhie means that w© oan negleet th® terms for L odd, and 
•tht 'relatiirlstio temi to not ohang® the symmetry about 
90'®* 
Since we only keep th« first order terns in (3.36), 
we can drop the second ttm in (3.36a,) and (3*S6c), &@ 
well as the first t«rffl in (3*3id) and i5»Xt) ^ For h 
@"r®n, (3.3@b) and (S.36®) h&v© no zero order t©-ras. fh®re» 
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t i l  1  I  
^ ^ ca<5j o oca oj 
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1. a jr-l 
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L «Wii. •' 
A #j ' 
ir 
g( j^2) 
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1 -3{J-1) 
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fafelt WbiQontlnmd) 
Stat# |5(3c-l|fQ . s VqK 3> tr ^ X li 
frtplat 
.1. • 
h %mn 
A liy tCJ-ii ar^*(i/2)j-?/4 
-6 -6(Ji»i) 
—# 
sU^g) 0 
6( ar^ i) 
1 
g • 
.gCsjr^ .!) 
B -
-CJf2) 0 
-.g( ajfi) 
CI 2i 3^ 4-1) mUlQ/m^'U/2 
t . g(M) 
2im*z} 
2 
0 
-2i ay#.i) 
-i 
-2C W#4) 
-i 
0 
&i23*X) 
L oM 
A ia^l) iJ^4.23/2J4.83/4 
S 6(J4.1) 6 
-3CW) 
-6i ai4.i) 
0 
-6{2J*l) 
-g -g 
U^z) • 0 
2i 
gj ar®*(5/2)j 4.1 
-g -2(j4.1) 
aj 
-g 
0 
2Cai«.i) 
P 
'•••§ •tCMl 
sCJ^g) 0 
L = *r - 1 ant l» « J • 1, 'Wm first ftwtry tor a 
gXmn potential li %©• »ltlpiiei, fej' 1/(2^^ t "iK wliilt 
tli» second entrf- is to to# aultlpllM hf C#CJtl)•« 1). 
# 
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fore in is*SB) we aaf th© terras which In.cludt 
th«ie quantitie#. fh« two solutioas of (3.38) th@n tB.k& 
•exaotly the iaae fora as (3.S3}, this aids sattrially in 
th® eoaputatioft. 
fhs rte«ltfi of th« emlcaiation using p^, P2, and 
are given la fable S. fht non-rslatlvistio values (M.R..) 
ar# inoludtd for eooparl,®on« 
fatol# S 
Phas# shifts at 100 Mev. 
cl 
o 0 
cl 0 P •5# 5i 
M»a. o.iig o.oesi 0.616 
A o.lii Oe071i 0*S16 
B oago^ 0*0729 0* 570 
e 0*147 0.0582 0*6g5 
0 o*m 0.0817 0.629 
fhe non-r@lativi®tie phaee shifts are oaloulat®d from 
th# variation®! prinoipi®* although for a tquar® wtll 
th®y can be calculated ©Motly. fo illustrate that the 
variations! valuts art hstter the largtr the valu# of J, 
we find the e»ot value of i J to be 0.196, oompared with 
tht variational valu® 0* 16E, whil« th@ exact valu® of <5 g 
i» 0.0646, oompsred with 0.06$6. fhu® th® vslu® for 
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J • 0 is in error by mom than 15^, while ths mlm for 
« £ is ©nil* abowt 1^ off. It ieaas reasonable to -afsim® 
that th« relativlstie oorreotiont wowld b# ^of th@ same, 
orter of aagnittidi • as in fabl®'3, if all tht phat# shifts 
were oaloulated fix&otly. 
The phase shifts for I* a^O ean b© expected to glTt .the 
aain oontribtitlon to th® crois ieotion. fhtr® is no 
triplet t®m for L » J • 0, iinet if thif ©quality hold®,, 
the total spin must also b« z@ro. thus ^ ^ 'is th® only 
triplet phai« shift for' L • 0. M« notlot th® large 
imm&m In'th® pha«e shift as we go froii th« Blngl®t 
to the triplet stat«8i 1* s*# at m decrtaae th® range 
and consequently ln©r«a»t th® w«ll depth. Also, w@ observe 
that both the dlrtotlon and aao.unt of .th@ r«latl'rlstio 
corrections dtpend on the particular theory. Thus It 
appears that A afftcti th® total cross section very llttl©, 
whllt B decreasts it th© aogt'aad U producea th# largest 
incr«ag@. fh© eorrtctione could easily increae® or 
decrtas® the total crog© gtctlon by S-10^ . 
B®cau@® of th« dtpth of the potential well In the 
triplet state, th© asiunptlon that thl® dtpth le saall 
compared with th« tt0n-r@latlvi®tl0' tntrgy of th@ particlee, 
1. 100 M«ir, if not too good. With a wtll d#pth of 
59.1 lev, m ar« ignoring tsms which aay be ooiaparabl© 
to th« terms that m keep, fhii is t,ip«clally «vld«nt 
-whm w© atttapt to compute- oorreotlons to th# phast 
shifts for TOlute of «I greater than 1. In.thas© oaies 
tht @orr«otlon b®oom®8 as larg® as th» ®®3?o order ttra. 
However, tram the fethavlor of th® phase shifts f©r th# 
singlet Stat©, out feelg that the Inclusion of th® t-eriis 
that we have ooltt@d, w©ial4 shaag# th« details, btit no th« 
gtfttral eonelttgloas. 
• f. BWMARI 
W« Mm now la a po-aitlon to oompam the •retults of 
this ln?®atl,gatl0n ttlth th©t« 'Others. It wm found 
that on th@ mea'On theory, tht cormm'ion& to th® totml 
cross -section -ccuM h# -about 10^* and that^th® direction 
of the corrtction d«p®n<i@4 -on whl'Ch of th© «¥ailat)l« 
theori'ts O'B© maed. Similar rcsttlti 'hav@ "been found in 
this-paper. 
W® haiT'® fottncl that the .form of th@ squation for th# 
flOatt»ring cross flection is th@ saat as in th# non-
r«latlyiftlc cag@* Mmerer, th# inclusion of the rtlatlr-
istlo t@me In th« wav® #quation ohang©8 th® phast shift®, 
and also nixes atatgs of «<iual parity. We can choos® th@ 
potential in four difftrtnt ways* $mh of which glTt® th® 
earn# rtsult in the aon-r®latl¥litic 'limit* Btptnding on 
tht particular pot#ntij&l chos#a# w can either inereaec 
or dtcrtttft th« totml ercas section' toy ©*^ 10^ * 
It is rtaaonmhle to conclude, thertfor®, that the 
dtscription of the interaction hy istane of a potential 
is still satisfactory ^ 'St an ®n«rgy as high -as 100 Met, 
MoBt -of the details of th® differential croes section can 
be accounttd for by the raunge, W'Cll -depth, aaount of 
tensor force, ttc., leaving only th© fact that th® crois 
ff-ction is too larg# in th© non-rclatiristlc calculation 
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to b« «xplain®d. la ofsitr to ohoose a partio\ilai» pottntlal, 
a mmh. mop@ exaat eaiemlatioa would havt to "be dooe. Until 
the aocttraey of the txperlissatsl rasalts ^ .@ooa»s bettsr 
than it is now, aueh. «. oaloalatioa would h&m little ataning. 
At present tli® attttroa-pi^oten cro«g ssetioa at 90 M«¥ i» 
fouad to to« * 1.0 X lO-"^®©-®,^, Wim this accuracy it 
wotiM t)@ pessible ©aly to ciisespd tii©»t pottntiali whioli 
incrsas® th# QVQS8 ieetion. 
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fht 'nor»ali»«€ @lg®nfiiiietioiis of 8^, mdJ^ 
em 'ShQVB to to® 
U*l) ^ 1| 
for; th®, •glnglet ^Statt.j'.aat 
%C|)a, ss .CaCL^ Dr^ 'jcaA cr.)^  Xj , 
*. \ih^m)(li*a4.i)J ^  <y y®""^  
[a-4.aHL-®)J ^  ^  cr )o X® 
4. Ki,-!i)(1.-b4.I)J ^  h <r 
f©r.tlif triplet 8tat«, fh,«f@ funetioni art orthogonal 
with • respect to Integratlen owr the angles. 
Xn order to otetaln the results gl^en In the text# it 
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Is iiteessai^" to^ trim th© effect of a uimber of operators 
iRfolvlng the spin ana'moe«nt«ii on these ©igeafunetions* 
la part'loalay, tlier® are the operators aaslogoua to (2*21) 
for t!ie Qth&r coiibiastioas of the • fh& teria®-in Q, 
will fee tht laia® for B,» 0, and P, m' tor 4, 1* « * ,  (8*21). 
fh® rtnainli^ eontala onl^ fite dlffsp@nt operatora# 
feM-e 4- ^ 
' Ooeffiolenti of Sorrtctiow few ©perators . 
State a 6 4 e 
Singlet 
l» mm 
B • . 0 -1 0 2 3 
Q 0 0 I ' I • 3/4 
D .0 • -*2 -I 7/g 9/2 
L odd 
B ^0 -1 1 3 6 
0  0 - 2  7 / 4  - i / 4  - ' 3 / 4  
» 0 0 3/2 3/2 • 9/g 
fl'ipltt 
L mm 
B . -g • -1 -3 -1 
Q 1 2 3 • -1 
D 4l -4 -5 3 
L octd \ 
B ' © • -1 -1 1 
G • V 0 1 I 
D •*! / S 1 ""3 
i 
0 
1 
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In 4 we hair# used th© • abbreviations 
a a iM.'pDit'p), .h » {B.pV)(B-p), e m- rp^, 
( A . 3 )  
d •' © ' •  ^  f |  *  
Also,, all terms must he mtjltiplied hy I/## to .eo.rrespoEd 
with (2.21). 
Let ue usi tHt following notation? 
M « r*p, i f ^  5^ # 
0 = * i 
p m (^(1) a^^^)»Crxp)» 
t@ then find th® followiag expsnsions . 
CA»4) i*f »" f ( 0 * t. V^i 
CA.5) (A-p?)CA»p) « llygCa if 4. 0) 
(A*6) s ip - 0 ) 
fli®r«for# wt must find the result of operating on (A*l) 
and (A, 2) toy the four ©peyators M, S, O, aM F* fM@ is 
gl¥#n in (A.7) to (A^IO) bilow* 
(A.7) H.^ ''zSW" . - li( g . |) 
i4 • 
N . I 1 
N  • S a y tf • • r «J 
H . S SgW-Da . il A . (j-i)(j*iia|a,(j>ni. 
(AwS) im^i \sS& . iMnim. 
'• 1 dr® r dr 
» 1 3z(J*l)m 
«2 J 
••T 1 
|0 * f 1 ^.gC|)i 
iO. • I a - ill 
r « 
40 • § [ f - S] 3,(.-l)„ 
» 216  ^- ffl] 
40 {f - j 32<|*3.^« 
'^ |g - ii^ Hj 
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